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LENS ASSEMBLY AND OPTICAL IMAGING SYSTEM USING SAME 

RELATED APPLICATIONS 
This application is a continuation-in-part of U.S. Application Serial No. 
10/798,841, and claims the benefit under 35 U.S.C. § 120 of U.S. Application Serial 
No. 10/798,841, entitled "LENS ASSEMBLY AND OPTICAL IMAGING SYSTEM 
USING SAME," filed on March 11, 2004, which is herein incorporated by reference 
in its entirety. 

BACKGROUND OF INVENTION 

1. Field of Invention 

The present application relates to lens assemblies for use in optical imaging 
systems. 

2. Discussion of Related Art 

Lens assemblies for imaging objects are known. When designing lens 
assemblies, a designer may take into account one or more desired characteristics or 
constraints, such as focal length, back focal length, environment, spacing of lenses, 
aperture size, overall assembly length, field of view, cost and/or ease of manufacture, 
ease of use, or any other characteristics or design constraints. 

However, it is often difficult to design a lens assembly that meets these 
sometimes competing design constraints, and this difficulty may be compounded 
when the lens assembly is intended to be used with additional components, or in 
specific applications. Examples of such additional components may be filters, lens 
covers, aperture stops, electronic detectors, electronic devices, or any other 
components. The resulting image quality produced by the lens assembly is often 
necessarily compromised in order to satisfy these many design constraints, or in order 
to achieve certain desired optical characteristics. 

SUMMARY OF INVENTION 
In one aspect, a lens assembly is provided. The lens assembly includes, in 
order from an object side to an image side: a first lens; a first meniscus lens in optical 
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communication with the first lens; a second meniscus lens in optical communication 
with the first meniscus lens; an aperture stop in optical communication with the 
second meniscus lens; a fourth lens in optical communication with the aperture stop; 
5 and a bi-convex lens in optical communication with the fourth lens. 

In another aspect, a lens assembly is provided and includes a plurality of 
lenses for producing an image of an object. The plurality of lenses is adapted to 
provide: a field of view of approximately 15 degrees; approximately 0% vignetting 
within the field of view; and a distortion of the image of less than approximately 1%. 

10 In yet another aspect, an imaging device for imaging an object is provided. 

The imaging device includes an imaging device housing and a plurality of individual 
lens assemblies disposed at least partially within the imaging device housing. A 
plurality of detectors is disposed at least partially within the imaging device housing. 
Each detector is optically arranged relative to a respective one of the lens assemblies 

15 to receive images from the respective lens assembly. 

In yet another aspect, a lens assembly is provided. The lens assembly includes 
a first lens arrangement comprising at least one lens element having at least one initial 
parameter; and a second lens arrangement in optical communication with the first lens 
arrangement. The second lens arrangement comprises at least one lens element having 

20 at least one initial parameter. The first and second lens arrangements cooperate to 
produce an image having an image characteristic within a range of acceptable image 
characteristics. A first parameter of the at least one initial parameter of the first lens 
arrangement may be changed while maintaining one or more parameters of the at least 
one initial parameter of the second lens arrangement within a desired range so that the 

25 image characteristic is maintained within the range of acceptable image 
characteristics. 

According to yet another aspect of the invention, a lens system is provided. 
The lens system comprises a plurality of lens elements, and an aperture stop, each lens 
element having a lens surface defined by a radius of curvature (r), a thickness (d), an 
30 index of refraction (n), and a dispersion (v), the plurality of lens elements being 

spaced from each other by a distance (d). The lens system satisfies at least one of the 
following conditions: 
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a) 0.98 * f < di+d2+d3+d4+d5+d6+d7+d8+d9+dio+dn+di2+di3+dH < 1.02 * f; or 

b) 0.47 * f < di+d 2 +d3+d4+d 5 +d6+d7+d8+d 9 < 0.61 * f; or 

c) 20.4 mm < fi < 30.5 mm when assembly scaled to f = 25 mm; or 

d) -100 mm < f 2j 3 < 15 mm when assembly scaled to f = 25 mm; or 
5 e) 1.49 <ni < 1.52 and vi > 70; or 

f) L8 < n 2 and 24 < v 2 < 26; or 

g) -50 mm <U< -35 mm when 1 .5 < n4 < 1 .72 and when assembly scaled to 
f = 25 mm; or 

h) 1 10 mm < f 5 < 540 mm when n 5 > 1 .7 and when assembly scaled to f = 
10 25 mm; or 

i) ry/rio < 0.3 when n4/ns> 0.98; or 
j) r 7 /rio > 0.5 when n 4 /n 5 < 0.90; 
where: 

f represents an effective focal length of the plurality of lenses; fi 

15 represents a focal length of a first lens element; f 4 represents a focal length of a fourth 
lens element; fs represents a focal length of a fifth lens element; f 2j 3 represents a focal 
length of a combination of a second lens element and a third lens element; di 
represents a thickness of the first lens element; d 2 represents a gap distance from an 
image side surface of the first lens element to an object side surface of the second lens 

20 element; d3 represents a thickness of the second lens element; d4 represents a 

thickness of the third lens element; d$ represents a gap distance from an image side 
surface of the third lens element to the aperture stop; d6 represents a gap distance from 
the aperture stop to an object side surface of the fourth lens element; dj represents a 
thickness of the fourth lens element; dg represents a gap distance from an image side 

25 surface of the fourth lens element to an object side surface of the fifth lens element; 69 
represents a thickness of the fifth lens element; dio+di i+di 2 +dn+di4 represents a gap 
distance from an image side surface of the fifth lens element to an image plane; n* 
represents an index of refraction of the first lens element; n 2 represents an index of 
refraction of the second lens element; xu represents an index of refraction of the fourth 

30 lens element; n 5 represents an index of refraction of the fifth lens element; V| 

represents a dispersion of the first lens element; v 2 represents a dispersion of the 
second lens element; v 4 represents a dispersion of the fourth lens element; v 5 
represents a dispersion of the fifth lens element; r 7 represents a radius of curvature of 
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the object side surface of the fourth lens element; and no represents a radius of 
curvature of the image side surface of the fifth lens element. 

Various embodiments of the present invention provide certain advantages. 
Not all embodiments of the invention share the same advantages and those that do 
5 may not share them under all circumstances. 

Further features and advantages of the present invention, as well as the 
structure of various embodiments of the present invention are described in detail 
below with reference to the accompanying drawings. 



10 BRIEF DESCRIPTION OF THE DRAWINGS 

Various embodiments of the invention will now be described, by way of 
example, with reference to the accompanying drawings, in which: 

Figure 1 shows an example of a structure of a lens assembly according to an 
embodiment of the present invention. 
15 Figures 2-5 illustrate lenses of a lens assembly according to the present 

invention. 

Figure 6 illustrates an example of a housing for holding lenses of a lens 
assembly according to the present invention. 

Figure 7 illustrates the housing of Figure 6 with lenses of a lens assembly 
20 according to the present invention. 

Figures 8A and 8B illustrate a lens retainer for use in connection with the 
housing of Figure 6. 

Figure 9 illustrates an example of a housing for holding lenses of a lens 
assembly according to the present invention. 
25 Figure 10 illustrates the housing of Figure 9 with lenses of a lens assembly 

according to the present invention. 

Figures 1 1A and 1 IB illustrate a lens retainer for use in connection with the 
housing of Figure 9. 

Figure 12 shows an example of a structure of a lens assembly according to an 
30 embodiment of the present invention. 

Figure 13 shows an example of a structure of a lens assembly according to an 
embodiment of the present invention. 



777377.1 



-5- 



Figure 14 shows an example of a structure of a lens assembly according to an 
embodiment of the present invention. 

Figure 15 is an illustrative embodiment of values of aberrations associated 
with a lens assembly according to an aspect of the present invention. 
5 Figure 16 is a schematic representation of a multi-head imaging device 

according to an aspect of the present invention. 

Figure 17 is a perspective view of an imaging device including the multi-head 
imaging device. 

1 0 DETAILED DESCRIPTION 

According to aspects of the invention, the lens assembly is constructed to 
accommodate certain, often competing, design characteristics. In one aspect, the lens 
assembly provides high optical performance in an easy to manufacture system (e.g., 
construct, assemble, and align). The lens assembly is also suitable for use in 

15 connection with additional components, such as filters and/or electronic detectors, 
such as CCD's and/or CMOS's. 

According to an aspect of the invention, the lens assembly provides a field of 
view of approximately 15 degrees, with approximately 0% vignetting within the 
indicated field of view, and with less than approximately 1% distortion of an image. 

20 The approximately 15 degree field of view may range from 14.5 degrees to 15.5 
degrees. In one embodiment, the lens assembly provides these performance 
characteristics in conjunction with a high speed aperture, for example, approximately 
f4. The lens assembly may be a moderate telephoto lens assembly, wherein it may be 
constructed to provide a ratio of the length of the lens assembly to the focal length of 

25 approximately 1 .0. 

According to another aspect of the invention, the lens assembly includes an 
aperture stop, with the lens assembly being non-symmetrical about the aperture stop. 
According to one embodiment, the non-symmetrical lens assembly includes four lens 
groups and five lens elements. The second and third lens elements, constituting the 

30 second lens group, have highly sensitive design parameters in comparison to the 
design parameters of the first, fourth, and fifth lens elements. Thus, the second and 
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third lens elements have tighter manufacturing tolerances as compared to the other 
lens elements. The aperture stop may be disposed between the third and fourth lenses. 

In one embodiment, the second lens group includes second and third lens 
elements, cemented together. The second and third lens elements consistently take 
5 the form of meniscus lenses. The fourth lens group includes a fifth lens element. The 
fifth lens element consistently takes the form of a bi-convex lens element. The fifth 
lens element may have approximately equal but opposite radii of curvature for a 
surface proximate the object side of the lens assembly and a surface distal the object 
side of the lens assembly, respectively, which may be termed in the art as a "perfect" 

10 lens element. The first lens group includes a first lens element, that may be either a 
meniscus lens element having a convex surface proximate the object side of the lens 
assembly, and a concave surface distal the object side of the lens assembly, or a 
plano-convex lens, having a convex surface proximate the object side of the lens 
assembly and a planar surface distal the object side of the lens assembly. The third 

15 lens group includes a fourth lens element, that may be either a meniscus lens element 
having a concave surface proximate the object side and a convex surface distal the 
object side, or a bi-concave lens, having concave surfaces proximate and distal the 
object side of the lens assembly. In one embodiment, the above-listed lens elements 
are immediately adjacent each other. In one embodiment, an aperture stop (also 

20 referred to as aperture plate, aperture, stop, or micro-plate) is disposed between the 
second and third lens groups, and in one embodiment, between the third and fourth 
lens elements. In another embodiment, the aperture stop is disposed between the third 
and fourth lens elements, with the other lens elements being immediately adjacent 
each other. 

25 The lens assembly may also incorporate filter plates, while maintaining a high 

quality image. The filter plates may be low-pass filter plates, color correction plates, 
or any other type of filter plate. In one embodiment, one or more parallel filter plates 
having planar surfaces may be disposed between the fifth lens element and the image 
plane. Such filter plates often produce aberrations, such as coma and astigmatism, or 

30 other aberrations, in the resulting image of the object. An aspect of the present 

invention provides correction for such coma and astigmatism, or other aberrations, 
introduced by using plane parallel plates with a lens assembly. According to one 
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embodiment, the lens assembly contains compensating aberrations to compensate the 
aberrations of plane parallel plates. 

According to another aspect of the invention, a multi-head imaging device is 
provided. The multi-head imaging device includes two distinct lens assemblies that 
5 may be identical to each other or different from each other. The multi-head imaging 
device may further comprise two distinct CCD detectors, or other types of detectors 
(e.g., CMOS detectors), or imaging media, or any suitable combination of detectors or 
imaging media. The two distinct lens assemblies may each be associated with at least 
one of the two distinct detectors and/or imaging media. 

10 According to one embodiment, a user may view an image provided by one of 

the two distinct lens assemblies. The user may choose which lens assembly through 
which to view an object and may switch lens assemblies through which to view the 
object, as desired. Thus, a user may manually switch between lens assemblies. 
Alternatively or in addition, switching between views may occur automatically and 

15 may be programmed or controlled by software. In one embodiment, switching 
between lens assemblies may occur in response to an event (which may be a 
programmed event or a detected event). In one embodiment, switching between lens 
assemblies may occur upon motion occurring in the field of view or a predetermined 
object in or entering the field of view. In one embodiment, switching between views 

20 may occur instantaneously. 

Although certain embodiments are described as including only two lens 
assemblies, the present invention is not limited in this respect, as additional lens 
assemblies may be provided in a multi-lens assembly head. 

According to one embodiment, a first lens assembly in the multi-lens assembly 

25 head is a constant focus lens assembly. A second lens assembly is a wide-angle lens 
assembly. According to one embodiment, the image produced by the wide-angle lens 
assembly is generally viewed, and the image produced by the constant focus lens 
assembly is used to provide a magnified view of a point or object of interest in the 
field of view of the wide-angle lens assembly. Of course, the opposite may hold, as 

30 the present invention is not limited in this respect. For example, a viewer may first 
view an object through a relatively higher-magnification lens and then switch to a 
wider field of view lens. 
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According to another aspect of the invention, the lens assembly is of a 
miniature and compact design, which may find suitable use as a security camera, an 
inspection camera, or as a personal use camera, as will be discussed in more detail 
below. 

5 The above aspects of the invention may be employed singularly or in any 

suitable combination as the present invention is not limited in this respect. Also, any 
or all of the above aspects may be employed in a relatively small imaging system; 
however, the present invention is not limited in this respect, as aspects of the 
invention may be used on any type of imaging system, including those that may be 

10 larger or smaller than the embodiments described. In addition, the lens assembly may 
be employed in any device and may be employed with any type of camera, including 
digital or film-based cameras. Various aspects and embodiments of the invention will 
now be described in more detail with respect to the accompanying figures. The 
invention is not, however, limited to the aspects and embodiments shown. In some of 

15 the figures that follow, specific numerical values are used to describe the elements 
and/or optical parameters. It should be appreciated that such values are not 
necessarily limiting, but rather, that the values may fall within a range of acceptable 
limits. 

In the following description, radii of curvature are listed for several surfaces of 
20 lens elements. As is conventional, the radii will be listed with a positive value when 
the surface bows toward an object side of the lens, and with a negative value when the 
surface bows toward an image side of the lens. The specific numbers that follow 
relate to lens assemblies designed with a specific focal length. It should be 
appreciated that the values will differ if the lens assemblies are scaled to a different 
25 focal length. Such scaling of components is meant to be encompassed within the 
present invention. 

Figure 1 shows one embodiment of a lens assembly according to the present 
invention. The lens assembly 100 comprises five lenses, Li-L 5 , an aperture stop 106 
and two planar plates, Fi and F 2 , all disposed between an object side 120 and an 
30 image plane 122. As illustrated, and discussed below in more detail, lenses L1-L3 in 
this embodiment are meniscus lenses having positive radii of curvature. Lens L 4 is a 
meniscus lens having negative radii of curvature. Lens L5 is a bi-convex lens. 
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The aperture stop 106, having a surface S6, is disposed between lens L3 and 
lens L 4 . In this embodiment, the aperture stop is a fixed aperture stop, and may have a 
high speed, for example, f4. Other aperture stop f-numbers may be used, as the 
present invention is not limited in this respect. Further, although in this embodiment, 
5 the aperture stop is fixed, the present invention is not limited in this respect, as 
variable or changeable (i.e., replaceable) aperture stops may be employed. 

Planar plates Fi and F 2 may be any planar plates, as is known to those of skill 
in the art, and the invention is not limited in this respect. For example, planar plate Fi 
may be a filter plate, such as a low-pass filter plate, or any other type of filter plate. 
10 Planar plate F 2 may be cover glass, used to cover a detector located at the image plane 
122. 

The introduction of planar parallel plates, such as Fi and F 2 in Figure 1, into 
an optical system may introduce aberrations into the system. However, such planar 
plates may be necessary for use with CCD or CMOS devices. A lens assembly which 

15 is designed in the absence of planar plates may suffer performance degradation if one 
or more planar plates are subsequently inserted into the assembly. It may be 
necessary to design the lens assembly to compensate for such aberrations, in order to 
ensure that a satisfactory image quality may result with the use of the planar plates. 
Thus, according to one aspect of the invention, as will be described in more detail 

20 below, the combination of lenses L1-L5 compensates for any aberrations introduced by 
the planar parallel plates Fi and F 2 . 

The lenses of the lens assembly 100 according to the present embodiment are 
now described in more detail in connection with Figures 2-6. The specific values 
listed in connection with Figures 2-6 pertain to the lens assembly 100 when scaled for 

25 use with a 1/2 inch CCD detector located at the image plane 122. The focal length, f, 
of a lens assembly scaled for use with a 1/2 inch CCD detector is approximately 29.9 
mm. The specific values listed in connection with Figures 2-6 may change if the lens 
assembly 100 were scaled for use with a different device and/or detector, as would be 
known to one of skill in the art. Such scaling is meant to be encompassed by the 

30 present invention. 

As shown in Figure 2, lens Li has a surface Si proximate the object side 120 
and a surface S 2 distal the object side. In this embodiment, surface Si has a radius of 
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curvature of approximately 12.6 mm, while surface S2 has a radius of curvature of 
approximately 72.95 mm. Surfaces Si and S 2 are both coated with approximately 
0.5876 \im of anti-reflective coating (hereinafter Ar, or AR), as would be known to 
one of skill in the art, although other suitable coatings (or no coating at all) may be 
5 employed, as the present invention is not limited in this respect. The thickness, di, of 
lens Li is approximately 1 .83 mm. Lens Li also has a circular diameter Di of 
approximately 10 mm. The index of refraction, m, is approximately 1.487, while the 
dispersion, vi, is approximately 84.47. Lens Li is a crown glass. It should be 
appreciated that the present invention is not limited in this respect, as other suitable 
10 materials and/or other suitable indices of refraction and/or dispersion may be 
employed. 

Figure 3 illustrates lenses L 2 and L 3 of Figure 1. Surface S3 of lens L2 is 
proximate the object side 120 and has a radius of curvature of approximately 8.45 
mm. Lenses L 2 and L 3 share a common surface S 4 , which in this embodiment has a 

15 radius of curvature of approximately 5 mm. The thickness d 3 of lens L 2 is 

approximately 2.33 mm. Lens L 2 is circular with a diameter D 2 of approximately 8.5 
mm. Lens L 2 has an index of refraction, n 2 , of approximately 1.805 and a dispersion, 
v 2 , of approximately 25.43. Lens L 2 is a flint glass. It should be appreciated that the 
present invention is not limited in this respect, as other suitable materials and/or other 

20 suitable indices of refraction and/or dispersion may be employed. 

Lens L 3 has a surface S 5 with a radius of curvature of approximately 5.9 mm, 
such that the thickness d 4 of lens L 3 is approximately 3.08 mm. Lens L 3 also has a 
circular diameter D 3 of approximately 8.5 mm. Lens L 3 has an index of refraction, n 3 , 
of approximately 1 .620 and a dispersion, v 3 , of approximately 60.32. Lens L 3 is a 

25 crown glass. It should be appreciated that the present invention is not limited in this 
respect, as other suitable materials and/or other suitable indices of refraction and/or 
dispersion may be employed. 

Surface S 3 of lens L 2 , and surface S5 of lens L 3 are coated with approximately 
0.5876 \xm of Ar, although other suitable coatings (or no coating at all) may be 

30 employed, as the present invention is not limited in this respect. It is also seen in 
Figure 3 that lenses L 2 and L 3 are cemented together. This may be accomplished by 
any suitable means, for example, UV epoxy. 
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Figure 4 illustrates lens L 4 of lens assembly 100. Lens L 4 has a surface S 7 
proximate the object side 120 and a surface Sg distal the object side. In this 
embodiment, surface S 7 has a radius of curvature of approximately -6.9 mm, while 
surface Sg has a radius of curvature of approximately -8.55 mm. Surfaces S7 and S 8 
5 are both coated with approximately 0.5876 of Ar, although other suitable coatings 
(or no coating at all) may be employed, as the present invention is not limited in this 
respect. The thickness, d 7 , of lens L 4 is approximately 1.24 mm. Lens L4 also has a 
circular diameter D 4 of approximately 6 mm. Lens L 4 has an index of refraction, n 4 , 
of approximately 1.717, while the dispersion, v 4 , is approximately 47.96. Lens L 4 is a 

10 crown glass. It should be appreciated that the present invention is not limited in this 
respect, as other suitable materials and/or other suitable indices of refraction and/or 
dispersion may be employed. 

Figure 5 illustrates lens L 5 of lens assembly 100. Lens L5 has a surface S9 
proximate the object side 120 and a surface S10 distal the object side. In this 

15 embodiment, surface S 9 has a radius of curvature of approximately 50 mm, while 

surface S10 has a radius of curvature of approximately -50 mm. Thus, lens L 5 , in this 
embodiment, is a bi-convex lens and may be considered a perfect bi-convex lens. 
Surfaces S 9 and S 10 are both coated with approximately 0.5876 |im of Ar, although 
other suitable coatings (or no coating at all) may be employed, as the present 

20 invention is not limited in this respect. The thickness, d 9 , of lens L 5 is approximately 
1.47 mm. Lens L 5 also has a circular diameter D 5 of approximately 8 mm. The index 
of refraction, n 5 , is approximately 1.744, while the dispersion, v 5 , is approximately 
44.72. Lens L 5 is a crown glass. It should be appreciated that the present invention is 
not limited in this respect, as other suitable materials and/or other suitable indices of 

25 refraction and/or dispersion may be employed. 

Referring again to Fig. 1, it may be necessary to control the distances between 
elements of the lens assembly 100. The distance between surface S2 of lens Lj and 
surface S3 of lens L2 is designated by d2. The distance between surface S 5 of lens L3 
and surface S 6 of aperture stop 106 is designated by d 5 . The distance from surface S6 

30 of aperture stop 106 to surface S 7 of lens L 4 is designated by d6. The distance from 
surface Sg of lens L 4 to surface S9 of lens L 5 is designated by dg. The distance from 
surface S10 of lens L 5 to surface Sn of planar plate Fi is designated by dio- The 
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distance from surface Si 2 of planar plate F\ to surface S13 of planar plate F 2 is 
designated by di 2 . The distance from surface Sn of planar plate F 2 to the image plane 
122 is represented by di 4 . Such distances are listed, for example, in Table 3. 

According to one aspect of the invention a housing may be provided to hold 
the lenses and aperture stop of the lens assembly 100, and to ensure that the values of 
d 2 , d 5 , d6, and d 8 are maintained appropriately. Figure 6 shows an example of a side 
view of a housing 610 in the absence of the lenses L|-L 5 . 

In one embodiment, as shown in Figure 6, the housing 610 contains housing 
steps hsi-hs9. The housing steps are formed in the housing for the purpose of 
receiving the lenses L1-L5 and ease the process of assembling the lenses L1-L5. Each 
housing step has a thickness, measured in the x-direction. The housing 610 is also 
circular, into and out of the page, so that each housing step has a diameter, measured 
in the y-direction. The approximate values of the housing step thicknesses and 
diameters are shown in Table 1 . Note that in some instances the housing step has a 
variable diameter (i.e., is tapered) in which case the minimum diameter is listed. The 
total length Tl of the housing is approximately 16.1 mm and the outer thread diameter 
O d is approximately 14 mm. The non-threaded diameter Id of the housing at the 
portion 612 is approximately 12 mm. It should be appreciated that the dimensions of 
the housing are non-limiting. 
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Table 1: Housing Step Sizes For Figure 6 


Housing Step 


Step Thickness (mm) 


Step Diameter (mm) 


hsi 


0.43 


11.00 


hs 2 


0.64 


10.02 


hS3 


1.69 


9.50 


hS4 


4.5 


8.52 


hss 


0.62 


6.02 


hS6 


4.32 


7.11 


hS7 


0.63 


8.02 


hs 8 


0.47 


9.00 


hS9 


0.35 


9.00* 


* The listed value corresponds to the minimum diameter of the housing step. 



The housing 610 may be formed with threads 616 to allow the housing to be 
threaded in and held relative to another component, such as a camera housing. 
Specifically, an outer surface of the housing has threads. In one embodiment, the 
5 housing is formed with an Ml 4 thread, having, e.g., an outer diameter of 

approximately 14.0 mm and a pitch diameter of approximately 13.5 mm. Of course, 
other suitable thread configurations or other suitable attaching arrangements may be 
employed, as the present invention is not limited in this respect. The housing also has 
a non-threaded portion 612 of the outer surface to mate to a lens retainer, as described 
10 below in connection with Figures 8 A and 8B. 

In the illustrated embodiment a fixed aperture stop 606 is provided. The 
aperture stop is an f4 stop with a diameter of approximately 4.52 mm. The thickness 
of the stop is approximately 0.2 mm. In another embodiment the aperture stop may 
be variable. In another embodiment, the aperture stop may be provided by micro- 
15 plates that may take one of several sizes, with the micro-plate being held in the 

housing by any suitable mechanism. In one embodiment, the micro-plate may be held 
by at least one of the lens elements. 

The housing 610 may also be constructed to limit the amount of internally 
reflected light incident on the detector or imaging media. In one embodiment, the 
20 housing includes an anti-halation region 614 of approximately 2.79 mm in thickness 
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and 5.2 mm in diameter. The anti-halation region may be formed as threads and 
functions to alter the reflection of light within the housing from what it would 
otherwise be if the threading were not provided, i.e., from a flat surface. This affords 
certain optical benefits, such as reduced ghosting. Other arrangements for reducing 
5 reflections may be employed, as the present invention is not limited in this respect. 

In one embodiment, the housing 610 is formed of metal. However, it should 
be appreciated that the housing could be formed out of any material, including 
plastics, ceramics, or any other type of material, as the invention is not limited in this 
regard. 

10 Figure 7 shows the housing 610 of Figure 6 with the lenses L1-L5 of Figure 1 

disposed in the housing steps. Lens Li is disposed in housing step hs2. Lenses L2 and 
L3 are disposed in housing step hs4, which abuts the aperture stop 606. Lens L4 is 
disposed in hs 5 . Lens L 6 is disposed in hs 7 . The lenses may fit snugly into the 
housing steps, or may be fixed within the housing steps by any suitable arrangement, 

15 for example, glue. By using the step locations in the housing, the lenses are spaced 
appropriately to ensure proper function of the lens assembly. The distances d 2 , d 5 , cU, 
and dg are maintained at appropriate values. 

To hold lens Li in place, in one embodiment as shown in Figure 7, a lens 
retainer 702 is mated to the non-threaded portion 612 of the housing. The lens retainer 

20 702 may be attached to the housing body using any suitable arrangement, such as 
welding, adhesively bonding, threading, interference fitting (e.g., press or shrink 
fitting), etc. as the present invention is not limited in this respect. The lens retainer 
702 is illustrated in Figures 8A and 8B. Figure 8A shows a front-on view of the lens 
retainer 702. Figure 8B is a side view of the lens retainer 702. As shown in Figure 

25 8B, the lens retainer has an inner mating surface with a diameter of approximately 12 
mm, allowing it to mate with the non-threaded portion 612 of housing 610. 

To facilitate installing the housing to another component, the housing may be 
formed with wrench flats. In one embodiment, the wrench flats are formed on the 
housing itself. In anther embodiment, the wrench flats are formed on the retainer. 

30 Thus, when the lens retainer 702 is mated to the non-threaded portion 612 of housing 
610, the wrench flats facilitate threading the housing to the other component. The 
width across the wrench flats is approximately 13 mm. Other suitable arrangements 
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to facilitate threading the housing, such as, e.g., spanner wrench slots may be 
employed, as the present invention is not limited in this respect. The lens retainer has 
an inner diameter of approximately 9 mm. 

Until this point, the discussion of the lenses in Figures 2-6 has pertained to an 
5 embodiment in which the lens assembly 100 is scaled for use with a 1/2 inch CCD 
detector. However, as mentioned, the lens assembly may be scaled for use with other 
components, detectors, filter plates, or for any other reason, and in general the lens 
assembly 100 may be scaled to any desired focal length. As an example, the lens 
assembly 100 may be scaled for use with a 1/3 inch CCD detector, as opposed to the 

10 1/2 inch CCD detector described thus far. In this embodiment, the lens assembly may 
be scaled to a focal length, f, of approximately 22.4 mm. The values for radii of 
curvature, index of refraction, dispersion, and spacing of elements may need to 
change to adapt the design to provide the desired optical performance with the 1/3 
inch CCD detector. The following description of the lenses in Figures 2-6 pertains to 

15 an embodiment in which the lens assembly 100 is scaled for use with a 1/3 inch CCD 
detector. 

In this embodiment, surface Si has a radius of curvature of approximately 10.3 
mm, while surface S2 has a radius of curvature of approximately 85 mm. Surfaces Si 
and S 2 are both coated with approximately 0.5876 |im of Ar, although other suitable 

20 coatings (or no coating at all) may be employed, as the present invention is not limited 
in this respect. The thickness, di, of lens Li is approximately 1 .4 mm. Lens Li also 
has a circular diameter Di of approximately 7.5 mm. The index of refraction, ni, is 
approximately 1.487, while the dispersion, vi, is approximately 84.47. Lens Li is a 
crown glass. It should be appreciated that the present invention is not limited in this 

25 respect, as other suitable materials and/or other suitable indices of refraction and/or 
dispersion may be employed. 

In this embodiment, surface S3 of lens L 2 has a radius of curvature of 
approximately 6.27 mm. Common surface S 4 in this embodiment has a radius of 
curvature of approximately 3.72 mm. Thus, the thickness d3 of lens L2 is 

30 approximately 1 .73 mm. Lens L2 is circular with a diameter D 2 of approximately 6.5 
mm. Lens L 2 has an index of refraction, n 2 , of approximately 1.805 and a dispersion, 
v 2 , of approximately 25.36. Lens L 2 is a flint glass. It should be appreciated that the 
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present invention is not limited in this respect, as other suitable materials and/or other 
suitable indices of refraction and/or dispersion may be employed. 

Lens L 3 has a surface S 5 with a radii of curvature of approximately 4.35 mm, 
such that the thickness d 4 of lens L 3 is approximately 2.6 mm. Lens L 3 also has a 
5 circular diameter D 3 of approximately 6.5 mm. Lens L 3 has an index of refraction, n 3 , 
of approximately 1.620 and a dispersion, v 3 , of approximately 60.32. Lens L 3 is a 
crown glass. It should be appreciated that the present invention is not limited in this 
respect, as other suitable materials and/or other suitable indices of refraction and/or 
dispersion may be employed. 

10 Surface S 3 of lens L2, and surface S 5 of lens L 3 are coated with approximately 

0.5876 jim of Ar, although other suitable coatings (or no coating at all) may be 
employed, as the present invention is not limited in this respect. It is also seen in 
Figure 3 that lenses L2 and L 3 are cemented together. This may be accomplished by 
any suitable means, for example, UV epoxy. 

15 In this embodiment, lens L4 of Figure 4 has a surface S7 having a radius of 

curvature of approximately -5.541 mm, while surface Sg has a radius of curvature of 
approximately -7.0 mm. Surfaces S7 and Sg are both coated with approximately 
0.5876 ^im of Ar, although other suitable coatings (or no coating at all) may be 
employed, as the present invention is not limited in this respect. The thickness, d 7 , of 

20 lens L4 is approximately 1.00 mm. Lens L4 also has a circular diameter D4 of 

approximately 5 mm. Lens L 4 has an index of refraction, 114, of approximately 1.717, 
while the dispersion, v 4 , is approximately 47.96. Lens L 4 is a crown glass. It should 
be appreciated that the present invention is not limited in this respect, as other suitable 
materials and/or other suitable indices of refraction and/or dispersion may be 

25 employed. 

In this embodiment, surface S9 of lens L 5 has a radius of curvature of 
approximately 37 mm. Surface S10 has a radius of curvature of approximately -37 
mm. Thus, lens L 6 in this embodiment is a bi-convex lens and may be considered a 
perfect bi-convex lens. Surfaces S 9 and S 10 are both coated with approximately 
30 0.5876 of Ar, although other suitable coatings (or no coating at all) may be 

employed, as the present invention is not limited in this respect. The thickness, dg, of 
lens L 5 is approximately 1.50 mm. Lens L 5 also has a circular diameter D 5 of 
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approximately 6.5 mm. The index of refraction, n 5 , is approximately 1 .744, while the 
dispersion, v 5 , is approximately 44.72. Lens L 5 is a crown glass. It should be 
appreciated that the present invention is not limited in this respect, as other suitable 
materials and/or other suitable indices of refraction and/or dispersion may be 
5 employed. 

In this embodiment, the housing 610 may no longer be adequate to hold the 
lenses L1-L5. Therefore, a housing 910 may be provided, as shown in Figure 9, which 
is a cross-section view of housing 910 in the absence of lenses L1-L5. 

In one embodiment, the housing 910 includes housing steps hsi 0 -hs 2 2. The 

10 housing steps are formed in the housing for the purpose of receiving the lenses L1-L5, 
and ease the process of assembling the lenses L1-L5. Each housing step has a 
thickness, measured in the x-direction. The housing 910 is also circular, into and out 
of the page, so that each housing step has a diameter, measured in the y-direction. 
The approximate values of the housing step thicknesses and diameters are shown in 

15 Table 2. Note that in some instances the housing step has a variable diameter (i.e., is 
tapered) in which case the minimum diameter is listed. The total length T L of the 
housing is approximately 14.3 mm and the outer diameter Od is approximately 9.5 
mm. It should be appreciated that the dimensions of the housing are non-limiting. 
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Table 2: Housing Step Sizes For Figure 9 


Housing Step 


Step Thickness (mm) 


Step Diameter (mm) 


hStn 

110 I u 


0.25 


8.75* 


hsi i 


0.25 


8.75 


hSi2 


0.60 


8.22 


hsn 


0.40 


8.00 


hsi4 


0.50 


7.52 


hsis 


1.50 


7.00 


hsi^ 


3.50 


6.52 


hs n 


0.79 


5.02 


hsi 8 


1.15 


5.50 


hsi9 


1.84 


6.00 


hS20 


0.66 


6.52 


hs 2 i 


0.50 


7.00 


hs 22 


0.30 


7.00* 


* The listed value corresponds to the minimum diameter of the housing step. 



As with housing 610, housing 910 may be formed with threads 916 to allow 
the housing to be threaded in and held relative to another component, such as a 
camera housing. Specifically, an outer surface of the housing has threads. In one 

5 embodiment, the housing is formed with an M9 thread, having, e.g., an outer diameter 
of approximately 8.9 mm and a pitch diameter of approximately 8.6 mm. Of course, 
other suitable thread configurations or other suitable attaching arrangements may be 
employed, as the present invention is not limited in this respect. Wrench flats 912 
may be formed along the length of the housing, or as shown, along a portion of the 

10 housing to facilitate threading the housing to the other component. The width across 
the wrench flats is approximately 9 mm. Other suitable arrangements to facilitate 
threading the housing, such as, e.g., spanner wrench slots may be employed, as the 
present invention is not limited in this respect. 

In the illustrated embodiment a fixed aperture stop 906 is provided. The 

15 aperture stop is an f4 stop with a diameter of approximately 3 mm. The thickness of 
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the stop is approximately 0.2 mm. In another embodiment the aperture stop may be 
variable. In another embodiment, the aperture stop may be provided by micro-plates 
that may take one of several sizes, with the micro-plate being held in the housing by 
any suitable mechanism. In one embodiment, the micro-plate may be held by at least 
5 one of the lens elements. 

The housing 910 also has a anti-halation thread region 914 of approximately 
1.86 mm in thickness and 4.5 mm in diameter. The anti-halation region may be 
formed as threads and functions to alter the reflection of light within the housing from 
what it would otherwise be if the threading were not provided, i.e., from a flat surface. 
10 This affords certain optical benefits, such as reduced ghosting. Other arrangements 
for reducing reflections may be employed, as the present invention is not limited in 
this respect. 

In one embodiment, the housing 910 is formed of metal. However, it should 
be appreciated that the housing could be formed out of any material, including 
15 plastics, ceramics, or any other type of material, as the invention is not limited in this 
regard. 

Figure 10 shows the housing 910 of Figure 9 with the lenses L1-L5 of Figure 1 
disposed in the housing steps. Note that in this Figure the housing 910 is rotated so 
that wrench flats 912 are not visible. Lens Li is disposed in housing step hs 2 . Lenses 

20 L2 and L3 are disposed in housing step hs4, which abuts the aperture stop 906. Lens 
L 4 is disposed in hs 5 . Lens L 6 is disposed in hs 7 . The lenses may fit snugly into the 
housing steps, or may be fixed within the housing steps by any suitable means, for 
example, glue. By using the step locations in the housing, the lenses are spaced 
appropriately to ensure proper function of the lens assembly. In other words, the 

25 distances d 2 , ds, d& and ds are maintained at appropriate values. 

A lens retainer 1002 is disposed in housing step hsi2 to hold lens Li in place. 
The lens retainer 1002 is illustrated in Figures 1 1 A and 1 IB. As seen in Figure 1 1 A, 
which is a front-on view of the lens retainer, the lens retainer 1002 has an outer 
circular diameter of approximately 8.2 mm, and an inner circular diameter of 

30 approximately 6.75 mm. 

Figure 1 IB is a side view of the lens retainer 1002. As shown, the lens 
retainer has an approximate thickness of 1 mm. The lens retainer may fit snugly in 
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the housing step hsi2. The lens retainer 1002 may be attached to the housing body 
using any suitable arrangement, such as welding, adhesively bonding, threading, 
interference fitting (e.g., press or shrink fitting), etc. as the present invention is not 
limited in this respect. 

Tables 3 and 4 provide the prescription for lens assemblies according to 
embodiments in which the lens assembly of Figure 1 is scaled to a focal length of 
approximately 25 mm. Again, the values shown in these tables could be scaled to 
provide a lens assembly having a different focal length. Such scaling of values is 
meant to be encompassed by the present invention. 



Table 3: Prescription 1 For Lens Assembly of Figure 1 with f=25 


mm 


Surface 


Radius of 


Thickness d 


Refractive Index 


Abbe No. 




Curvature r 


(mm) 


(n) 


(v) 




(mm) 








s, 


11.399 


1.563 


1.487 


84.47 


s 2 


95.674 


0.260 






s 3 


6.926 


1.931 


1.805 


25.36 


s 4 


4.107 


2.902 


1.620 


60.32 


S 5 


4.777 


0.586 






s 6 


Aperture 


L 2935 






s 7 


-6.393 


1.116 


1.717 


47.96 


s 8 


-8.404 


2.319 






s 9 


38.523 


1.674 


1.744 


44.72 


Sio 


-38.523 
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Table 4: Prescription 2 For Lens Assembly of Figure 1 with f=25 mm 


Surface 


Radius or 
Curvature r 
(mm) 


Thickness d 
(mm) 


Refractive Index 
(n) 


A LI \T_ 

Abbe No. 
(v) 


s, 


9.943 


1.546 


1.487 


84.47 


s 2 


55.798 


0.204 






s 3 


6.028 


1.034 


1.805 


25.36 


s 4 


4.097 


2.930 


1.620 


60.32 


Ss 


4.249 


0.650 






s 6 


Aperture 


2.934 






s 7 


-5.196 


0.930 


1.717 


47.96 


s 8 


-6.572 


1.682 






s 9 


47.134 


1.277 


1.744 


44.72 


Sio 


-47.134 









5 According to another embodiment, the lens assembly may take the form of 

lens assembly 1200 illustrated in Figure 12. Note that in this figure the lenses and 
lens surfaces are labeled to correspond to the labels in Figure 1, for purposes of 
simplification. 

In this embodiment, lens assembly 1200 includes five lenses, L1-L5, disposed 
10 between an object side 1220 and an image plane 1222. In this embodiment, lens Li is 
a plano-convex lens. Lenses L 2 and L 3 are meniscus lenses and are cemented 
together. Lens L 4 is a bi-concave lens, and may be considered a perfect bi-concave 
lens. Lens L 5 is a bi-convex lens, and may be a considered a perfect bi-convex lens. 
An aperture stop 1206 is disposed between lens L 3 and lens L4. 
15 Tables 5-12 provide prescriptions for the lens assembly 1200 that conform to 

the general structure illustrated in Figure 12. The embodiments of Tables 5-12 are 
scaled to a focal length of f=25. The values listed could be scaled to an alternative 
focal length, as would be known to one of skill in the art, and such scaling does not 
depart from the spirit of the invention. 

20 
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Table 5: Prescription 1 For Lens Assembly of Figure 12 with f=25 mm 


Surface 


Radius of 


Thickness d 


Refractive Index 


Abbe No. 




Curvature r 


(mm) 


(n) 


(v) 




(mm) 








s, 


13.047 


1.500 


1.487 


70.41 


s 2 


Infinity 


0.206 






s 3 


6.863 


1.930 


1.805 


25.36 


s 4 


3.881 


2.919 


_ 1.589 


61.27 


s 5 


5.517 


0.586 






s 6 


Aperture 


1.331 






s 7 


-22.928 


1.023 


1.517 


64.17 


s 8 


12.188 


1.330 






s 9 


22.173 


1.631 


1.744 


44.72 


Sio 


-22.173 









Table 6: Prescription 2 For Lens Assembly of Figure 12 with f=25 mm 


Surface 


Radius of 


Thickness d 


Refractive Index 


Abbe No. 




Curvature r 


(mm) 


(n) 


(v) 




(mm) 








s, 


13.899 


1.414 


1.487 


70.41 


s 2 


Infinity 


0.203 






s 3 


6.176 


1.659 


1.805 


25.36 


S 4 


3.714 


3.289 


1.589 


61.27 


S 5 


4.525 


0.586 






s 6 


Aperture 


2.933 






s 7 


-15.249 


1.006 


1.517 


64.17 


s 8 


118.872 


2.126 






s 9 


28.563 


1.425 


1.744 


44.72 


Sio 


-28.563 









5 
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Table 7: Prescription 3 For Lens Assembly of Figure 12 with f=25 mm 


Surface 


Radius of 


Thickness d 


Refractive Index 


Abbe No. 




Curvature r 


(mm) 


(n) 


(v) 




(mm) 








s, 


14.868 


1.563 


1.487 


70.41 


s 2 


Infinity 


0.260 






s 3 


6.737 


1.931 


1.805 


25.36 


s 4 


3.906 


2.902 


1.589 


61.27 


s 5 


5.393 


0.586 






s 6 


Aperture 


2.935 






s 7 


-22.650 


1.116 


1.517 


64.17 


s 8 


15.203 


1.045 






s 9 


20.707 


1.674 


1.717 


47.96 


Sio 


-20.707 









Table 8: Prescription 4 For Lens Assembly of Figure 12 with f=25 mm 


Surface 


Radius of 


Thickness d 


Refractive Index 


Abbe No. 




Curvature r 


(mm) 


(n) 


(v) 




(mm) 








S, 


13.128 


1.429 


1.487 


70.41 


s 2 


Infinity 


0.200 






s 3 


6.633 


1.930 


1.805 


25.36 


s 4 


3.812 


2.954 


1.589 


61.27 


S 5 


4.977 


0.586 






s 6 


Aperture 


2.903 






s 7 


-20.549 


1.007 


1.517 


64.17 


s 8 


17.262 


1.811 






s 9 


21.847 


1.640 


1.717 


47.96 


Sio 


-21.847 









5 
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Table 9: Prescription 5 For Lens Assembly of Figure 12 with f=25 mm 


Surface 


Radius of 


Thickness d 


Refractive Index 


Abbe No. 




Curvature r 


(mm) 


(n) 


(v) 




(mm) 








s, 


13.633 


1.563 


1.487 


70.41 


s 2 


Infinity 


0.260 






s 3 


6.794 


1.931 


1.805 


25.36 


s 4 


3.865 


2.902 


1.607 


56.65 


s 5 


5.094 


0.586 






s 6 


Aperture 


2.935 






s 7 


-24.337 


1.116 


1.517 


64.17 


s 8 


24.337 


2.319 






s 9 


24.948 


1.674 


1.717 


47.96 


Sio 


-24.948 









5 



Table 10: Prescription 6 For Lens Assembly of Figure 12 with f=25 mm 


Surface 


Radius of 


Thickness d 


Refractive Index 


Abbe No. 




Curvature r 


(mm) 


(n) 


(v) 




(mm) 








Si 


13.957 


1.417 


1.487 


70.41 


s 2 


Infinity 


0.203 






s 3 


6.478 


1.725 


1.805 


25.36 


s 4 


3.776 


3.176 


1.607 


56.65 


s 5 


4.817 


0.586 






s 6 


Aperture 


2.934 






Sy 


-19.451 


1.013 


1.517 


64.17 


s 8 


19.451 


1.381 






s 9 


22.012 


1.605 


1.717 


47.96 


Sio 


-22.012 
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Table 1 1 : Prescription 7 For Lens Assembly of Figure 12 with f=25 mm 


Surface 


Radius of 
Curvature r 
(mm) 


Thickness d 
(mm) 


Refractive Index 
(n) 


Abbe No. 
(v) 


Si 


14.878 


1.563 


[ 1.517 


64.17 


s 2 


Infinity 


0.260 






s 3 


6.796 


1.931 


1.805 


25.36 


s 4 


3.872 


2.902 


1.620 


60.32 


s 5 


5.072 


0.586 






s 6 


Aperture 


2.935 






s 7 


-24.452 


1.116 


1.487 


70.41 


Sg 


24.452 


2.319 






s 9 


25.942 


1.674 


1.717 


47.96 


Sio 


-25.942 









Table 12: Prescription 8 For Lens Assembly of Figure 12 with f=25 mm 


Surface 


Radius of 
Curvature r 
(mm) 


Thickness d 
(mm) 


Refractive Index 
(n) 


Abbe No. 
(v) 


Si 


14.813 


1.358 


1.517 


64.17 


s 2 


Infinity 


0.205 






s 3 


6.675 


1.879 


1.805 


25.36 


s 4 


3.809 


3.104 


1.620 


60.32 


s 5 


4.894 


0.586 






s 6 


Aperture 


2.931 






s 7 


-21.412 


1.020 


1.487 


70.41 


s 8 


21.412 


1.905 






s 9 


24.205 


1.559 


1.717 


47.96 


Sio 


-24.205 









5 According to another embodiment, the lens assembly may take the 

form of lens assembly 1300 illustrated in Figure 13. In this embodiment, lens 
assembly 1300 includes five lenses, L1-L5, disposed between an object side 1320 and 
an image plane 1322. In this embodiment, lens L\ is plano-convex lens. Lenses L2 
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and L 3 are meniscus lenses, and are cemented together. Lens L 4 is a meniscus lens 
having negative radii of curvature. Lens L5 is a bi-convex lens, and may be a 
considered a perfect bi-convex lens. An aperture stop 1306 is disposed between lens 
L3 and lens L 4 . 

Tables 13 and 14 provide prescriptions of the elements of the lens assembly 
1300 that conform to the general form illustrated in Figure 13. The values listed 
could be scaled to an alternative focal length, as would be known to one of skill in the 
art, and such scaling does not depart from the spirit of the invention. 



Table 13: Prescription 1 For Lens Assembly of Figure 13 with f=25 mm 


Surface 


Radius of 


Thickness d 


Refractive Index 


Abbe No. 




Curvature r 


(mm) 


(n) 


(v) 




(mm) 








s, 


13.279 


1.563 


1.487 


84.47 


S 2 


Infinity 


0.260 






s 3 


6.606 


1.931 


1.805 


25.36 


s 4 


3.920 


2.902 


1.620 


60.32 


s 5 


4.569 


0.586 






s 6 


Aperture 


2.155 






s 7 


-9.710 


1.116 


1.717 


47.96 


Sg 


-16.572 


2.935 






s 9 


32.767 


1.674 


1.744 


44.72 


Sio 


-32.767 










Table 14: Prescription 2 For Lens Assembly of Figure 13 with f=25 mm 


Surface 


Radius of 


Thickness d 


Refractive Index 


Abbe No. 




Curvature r 


(mm) 


(n) 


(v) 




(mm) 








Si 


11.067 


1.637 


1.487 


84.47 


s 2 


Infinity 


0.207 






s 3 


5.771 


0.875 


1.805 


25.36 


s 4 


4.070 


2.576 


1.620 


60.32 


s 5 


4.078 


0.750 






s 6 


Aperture 


0.591 






s 7 


-10.275 


0.900 


1.717 


47.96 


s 8 


-16.300 


2.931 






Sq 


47.056 


1.300 


1.744 


44.72 


Sio 


-47.056 
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According to another embodiment, the lens assembly may take the form 
shown in Figure 14. In this embodiment, lens assembly 1400 includes five lenses, Lr 
5 L5, disposed between an object side 1420 and an image plane 1422. Lens Li is 
meniscus lens having positive radii of curvature. Lenses L 2 and L 3 are meniscus 
lenses having positive radii of curvature and are cemented together. Lens L4 is a bi- 
concave lens, and may be considered a perfect bi-concave lens. Lens L 5 is a bi- 
convex lens, and may be considered a perfect bi-convex lens. An aperture stop 1406 

10 is disposed between lens L3 and lens L4. 

In a more general sense, the design of the lens assemblies described thus far, 
according to the present invention, may obey any, all, or any combination of the 
relationships shown in Table 15. For purposes of this table, f represents the effective 
focal length of the lens assembly. The focal length of the individual lens elements is 

15 represented by fj, f 2 , etc. The focal length of the doublet including lenses L 2 and L3 is 
represented by f 2>3 . The radii of curvature for the respective surfaces are labeled as n, 
r 2 , etc. In Table 15, the indices of refraction for the respective lens elements are 
represented by the notation m, n 2 , etc, and the values of dispersion for the respective 
lens elements by vi, v 2 , etc. It should also be noted that for certain listings in table 15 

20 the values correspond to a lens assembly scaled to an effective focal length f =25 mm. 
These relationships listings are clearly designated in Table 15, and it should be 
appreciated that the corresponding values may be scaled if the lens assembly is scaled 
to an alternative focal length. 

Table 15: Ratios and Relationships For Lens Assembly 

0.98 * f<di+d 2 +d3+d4+d5+d6+d7+d8+d9+dio-hdn+di 2 +di3+d 14 < 1.02 * f 

0.47 * f < di+d 2 +d 3 +d4+d5+d6+d7+d 8 +d 9 < 0.61 * f 

20.4 mm < fi < 30.5 mm when assembly scaled to f = 25 mm 

-100 mm < f 2 ,3 < 15 mm when assembly scaled to f = 25 mm 

1.49<ni < 1.52 andv t > 70 

1 .8 < n 2 and 24 < v 2 < 26 

-50 mm < f 4 < -35 mm when 1 .5 < 114 < 1 .72 and when assembly scaled to f = 25 mm 
1 10 mm < f 5 < 540 mm when n 5 > L7 and when assembly scaled to f = 25 mm 

r 7 /rio < 0.3 when n^/ns > 0.98 

r 7 /rio > 0.5 when ru/n 5 < 0.90 
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As discussed above, an aspect of the present application provides correction 
for coma and astigmatism, as well as any other aberrations that may be introduced by 
using plane parallel plates with a lens assembly, for example, any of the lens 
assemblies 100, 1200, 1300, and 1400. According to one embodiment, the lens 
5 assembly includes compensating aberrations to compensate the aberrations of plane 
parallel plates. Figure 15 is a non-limiting example of values of Seidel aberration 
coefficients, in units of waves, at a wavelength of 0.5876 jxm for seven types of 
aberrations that may be introduced in the lens assembly according to the present 
invention. Values are listed for each of the surfaces Si-Sh, as well as for the image 

10 itself, which in this example does not contribute any non-zero values. The seven 
types of aberrations listed are spherical aberration (W040), coma (W131), 
astigmatism (W222), field curvature (W220), distortion (W31 1), longitudinal 
chromatic aberration (W020), and tangential chromatic aberration (Wl 11). 

The total values listed for each type of aberration are computed by a sum of 

15 the value for each surface as well as the value for the image itself. The aperture stop 
(surface S6> and the image do not contribute to the seven listed types of aberrations of 
the system, as indicated by the values of zero in the appropriate rows. As indicated by 
the total values in Figure 15, satisfactory optical performance may be retained even 
with the planar plates. In this non-limiting example, the Petzval radius is -704.0739. 

20 As previously mentioned, in some embodiments, the lens assemblies provide 

less than 1% distortion. Many waves of distortion in the exit pupil may be required to 
produce 1% error in the image height relative to the full field image height. 
Distortion at any one field may appear to be similar to tilt. Distortion without 
deteriorating the image quality of a point image may occur 

25 With respect to Figure 15, the details for converting from waves to percent 

distortion are: 

W31 1 is the distortion coefficient in waves at the full field, and full pupil. At 
the full field, W31 1 * p describes the wavefront in the y direction, which resembles a 
tilted wavefront relative to the ideal reference wavefront. The tilted wavefront at full 
30 field forms an angle relative to the reference wavefront in the exit pupil. A ray 

projected normal from the wavefront will land on the image plane with some height 
relative to the height of a ray from the reference wavefront. The difference in ray 
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height is ey. Distortion is then computed by dividing e y by the height of the nominal 
full field image height, which can be obtained from a paraxial ray trace. 
In general: e y = -(R * lambda) / n * (W)' 

For distortion: e y = -(R * lambda) / n * (W3 1 1 *p)' where (W3 1 1 *p)' is the 
derivative of (W3 1 1 *p) with respect to y, and R is the distance from the exit pupil to 
the image plane. This reduces to 

e y = -(R * lambda) / (n * Ymax_pupil) * W3 1 1 . 

After rearranging terms this is equal to the expression for transverse distortion 

e y = -(R / Ymax_pupil) * (lambda / n) * W3 1 1 

e y = (lambda* W311)/(nV) 
where u 1 is the image space paraxial marginal ray angle. 

Lastly, percent distortion is computed with the following using e y . 

Percent distortion: Dist = (e y / Yc) * 100% 
where Yc is the paraxial chief ray height. 

An example of the numbers for a lens assembly according to the present 
invention, when scaled for use with a 1/3 inch CCD detector are now given, 
specifically using the total value of W31 1 from Figure 15: 

using ey = (lambda * W3 11)/ (n'u 1 ) (or the other equation) 

e y = (0.5876E-3 mm * -4.85851 1) / (-0.1 175) 

ey = 0.02429 mm 

distortion = 0.02429 mm / 3.0485 mm * 100 % 
distortion = 0.797 % 

The percent distortion computed with real rays relative to the scaled image 
height from a very small field at wavelength no. 2 (which is called the primary 
wavelength, in ZEMAX, an optical design program) is 0.793 %, and therefore less 
than 1%. 

As described above, another aspect of the invention relates to a multi-head 
imaging device for imaging an object. As shown schematically in Figure 16, the 
multi-head imaging device 1602 includes two distinct lens assemblies, 1604 and 
1606, that may be identical to each other or different from each other. Each lens 
assembly is associated with a distinct detector, 1608 and 1610, respectively. The 
detector may be a CCD, CMOS, film-based or any suitable combination thereof. Of 
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course other types of detectors may be employed, as the present invention is not 
limited in this respect. 

The multi-head imaging device may include any suitable lens assembly as 
desired, to produce a desired image of the object. Although the lens assemblies may 
5 be identical to each other or otherwise produce an identical or similar result, in one 
embodiment, one lens assembly is a constant focus lens assembly. In one 
embodiment, one of the lens assemblies is a wide-angle lens assembly. In another 
embodiment, one lens assembly is a 40 degree field of view lens, such as that 
described in co-pending U.S. Patent Application 10/798,841, assigned to the assignee 

10 of the present application and hereby incorporated by reference in its entirety. Other 
suitable wide angle lens assemblies may be employed, as the present invention is not 
limited in this respect. Similarly, any of the lens assemblies described herein or in the 
'841 application may be employed. In one embodiment, one of the lens assemblies is 
a 15 degree field of view lens. In another embodiment, one of the lens assemblies is a 

15 relatively high magnification lens or a telephoto or moderate telephoto lens assembly, 
for example, a lens assembly providing approximately a lOx magnification. 

As shown in Figure 17, the multi-head imaging device 1602 includes a 
housing 1610 adapted to receive the lens assemblies 1604, 1606. In one embodiment, 
the housing 1610 includes receptacles 1612, 1614, each configured to receive a 

20 respective one of the lens assemblies. To facilitate holding the lens assemblies in the 
housing, the receptacles may be threaded with a thread corresponding to the threaded 
housings of the lens assemblies as described with reference to Figures 6-11. 

In one embodiment, the lens assemblies are positioned in the housing of the 
multi-head imaging device in a manner such that the optical viewing axes of the lens 

25 assemblies are substantially parallel. Of course, the present invention is not limited in 
this respect, as the axes need not be parallel. 

The housing 1610 may be formed as an integral unitary construction or may 
be constructed with two or more components joined together. In one embodiment, the 
housing comprises a lens assembly housing component constructed to receive the lens 

30 assemblies as described above and a back plate component that covers the back side 
of the housing 1610. By providing such a two piece construction, disposing the 
detectors within the housing 1610 may be facilitated. Of course, the present invention 
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is not limited in this respect, as additional components may be employed to form the 
housing 1610. 

In one embodiment, the housing 10 has a width (w) of approximately 1.4 

inches, a height (h) of approximately .57 inches, and a depth (dl) of approximately .9 
5 inches and a depth (d2) of approximately .52 inches. Thus, in one embodiment, the 

housing 1610 fits within an envelope of approximately 1.5 inch by .75 inch by 1 inch. 

Of course, the present invention is not limited in this respect, as the housing may be 

formed with any suitable size. 

The multi-head imaging device may be mounted to a motion assembly 1620, 
10 as shown in Figures 16 and 17 to provide the ability to move the multi-head imaging 

device in a desired orientation. In one embodiment, the multi-head imaging device is 

mounted to a mount that provides pan and tilt motion. This may be provided with the 

use of a gear arrangement 1622, shaft 1624 and yoke 1626, as shown. However, other 

suitable arrangements for providing motion may be employed, as the present 
15 invention is not limited in this respect. The pan/tilt mount 1620 may be coupled to a 

control assembly 1630. The control assembly controls the movement and/or function 

of the dual-head assembly 1602. 

Although not shown, a housing cover, which may be formed as a dome, may 

be employed, whereby the lens assemblies are able to view the object through the 
20 dome. The dome may be made of glass, plastic, or any other suitable material, and 

the invention is not limited in this respect. In one embodiment, the dome is optically 

clear. 

According to one embodiment, a user may view an image provided by one of 
the two distinct lens assemblies. The user may choose which lens assembly through 

25 which to view an object and may switch lens assemblies through which to view the 
object, as desired. Thus, a user may manually switch between lens assemblies. 
Alternatively, or in addition, switching between views may occur automatically and 
may be programmed or controlled by software. In one embodiment, switching 
between lens assemblies may occur in response to a trigger event (which may be a 

30 programmed event or a detected event). In one embodiment, switching between lens 
assemblies may occur upon motion occurring in the field of view or a predetermined 



777377.1 



-32- 



object in or entering the field of view. In one embodiment, switching between views 
may occur instantaneously. 

For example, initially an image produced by lens assembly 1606 may be 
viewed. Upon detecting motion, or an object of interest in the field of view of lens 
5 assembly 1606, a switch may occur to enable viewing an image produced by lens 
assembly 1604. The motion, movement, and operation of the dual-head assembly 
1602 may be controlled by a user, a computer, or any other means, as the invention is 
not limited in this respect. 

Although certain embodiments are described as including only two lens 
10 assemblies, the present invention is not limited in this respect, as additional lens 
assemblies may be provided in a multi-lens assembly head. 

The lens assemblies described herein may be used in various applications and 
environments. For example, one field of use may be security cameras. Security 
cameras may be used in banks, casinos, retail stores, personal property, yards, 
15 airports, sports and entertainment arenas, theaters, restaurants, cars, office buildings, 
gas stations, security checkpoints, boarder or other boundary crossings, transportation 
vehicles and terminals, such as trains and train stations, ships and docks, buses and 
bus depots, military installations, etc. as the present invention is not limited in this 
respect. 

20 The lens assemblies described herein may also be used for industrial 

applications. Examples of this sort of use may include flexible bore scopes with a 
distal chip, cameras for insertion into wells, cameras for viewing engines (such as 
aircraft engines) and engine parts, cameras for viewing under buildings or cars, 
cameras used for measurement, or any other industrial application. 

25 The lens assemblies described herein may also be used for personal or business 

applications. Examples of this sort may include personal cameras, digital cameras, 
phone cameras, web cameras, disposable cameras, videography, or any other type of 
camera or system. 

The lens assemblies described herein may also be used for personal or 

30 business applications. Examples of this sort may include personal cameras, digital 

cameras, phone cameras, web cameras, disposable cameras, videography, or any other 
type of camera or system. 
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The lens assemblies described herein may also be used for medical 
applications. For example, the lens assemblies may be used for endoscopy with a 
distal chip, dental procedures, gynecological exams, ear/nose/throat exams, distal chip 
colonoscopy, distal chip laparoscopy, or any other medical procedures or uses. 

5 Other applications will be readily apparent to those of skill. 

Having thus described several aspects of at least one embodiment of this 
invention, it is to be appreciated various alterations, modifications, and improvements 
will readily occur to those skilled in the art. Such alterations, modifications, and 
improvements are intended to be part of this disclosure, and are intended to be within 

10 the spirit and scope of the invention. Further, although each embodiment described 
above includes certain features, the invention is not limited in this respect. Thus, one 
or more of the above-described or other features of the lens assembly, may be 
employed singularly or in any suitable combination, as the present invention is not 
limited to a specific embodiment. Accordingly, the foregoing description and 

15 drawings are by way of example only. 
What is claimed is: 
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